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INTRODUCTION

The Monterey deep-sea fan extends from the 
base of the continental slope (3,000 m water depth) to 
300 km off the coast of California (4,700 m water 
depth). Sediment is delivered to the fan by turbidity 
currents from Ascension and Monterey canyon sys 
tems and to a lesser degree from the Lucia- 
Partington-Sur canyon system (Figure 1; Dill and oth 
ers, 1954; Menard, 1960; Shepard and Dill, 1966; 
Normark and others, 1984). The southern lobe of the 
middle fan is actively growing and being fed by the 
modern Monterey fan valley (Normark and others, 
1984). This southern depositional lobe (-4,400 m 
water depth) approximately 360 km southwest of the 
head of Monterey Canyon exhibits low to high acous 
tic backscatter characteristics in GLORIA images of 
the area (EEZ-SCAN 84 Scientific Staff, 1986). 
High-resolution seismic data do not explain these 
differences so samples were taken to determine if 
various mechanical or sedimentological properties of 
the sediment varied backscatter (Figures 1, 2; Gardner 
and others, 1988a, b; Lee and others, 1988).

Box cores were taken from a 12 km x 15 km 
area having both low and high GLORIA backscatter 
intensities (Figure 2). Box cores exhibit a common 
stratigraphy: an upper oxidized clay layer, an under 
lying reduced clay layer, and turbidite sand. Subsam- 
ples for heavy mineral analysis were taken from 
sandy layers near the top of 10 box cores to deter 
mine mineral provenance and whether or not the 
mineralogy contributed to the variation in backscatter 
(Table 1). Additional subsamples were also taken 
from a near-bottom sand layer for four box cores to 
determine the within-core diversity.

PREVIOUS WORK

Monterey Bay is fed primarily by the Salinas 
and Pajaro Rivers, which provide about 80% of the 
drainage and probably an equal amount of sediment 
to the bay; a lesser source of sediment is the south 
ward longshore drift from the northern Santa Cruz 
Mountains (Figure 3; Yancey and Lee, 1972). The 
sediment discharge of the Salinas River is -140,000 
metric tons/yr and that of the Pajaro River is -20,000 
metric tons/yr (Griggs and Hein, 1980). Heavy 
minerals in sediments from the Salinas River consist 
of a hornblende-garnet assemblage derived from the 
Sur Series metamorphic rocks in the Santa Lucia and 
Gabilan Ranges (Galehouse, 1967; Yancey and Lee, 
1972). The Pajaro River carries sediment with a

glaucophane-jadeite heavy mineral assemblage 
derived from Franciscan rocks of the Diablo block 
that flanks the Pajaro and San Benito river valleys 
(Yancey and Lee, 1972). Southward longshore drift 
carries augite-rich sediment into Monterey Bay from 
Pliocene volcanic sediments of the Purisima Forma 
tion in the northern Santa Cruz Mountains (Yancey 
and Lee, 1972).

In Monterey Bay, Yancey (1968) described five 
heavy mineral provinces, which readily reflect the 
input from the Salinas and Pajaro Rivers as well as 
the longshore transport mentioned above, but these 
provinces remained distinct only close to shore (Fig 
ure 4). As he sampled toward the edge of the con 
tinental shelf and down into the upper parts of the 
canyons, the mineralogy became more homogeneous. 
His province 2 is probably most representative of the 
outer shelf sediments. This province included in 
order of decreasing abundance green hornblende, 
augite, hypersthene, brown hornblende, epidote, and 
sphene; other minerals amounted to less than 4% 
each (Table 2).

Wilde (1965) sampled the Monterey Fan sedi 
ments for heavy minerals from lat 35°N to 37°N and 
from about 3,400 to 4,300 m. He generated an aver 
age heavy mineral suite (his Figure 18) consisting of 
green hornblende, augite, basaltic hornblende, hyper 
sthene, epidote, and actinolite/tremolite (Table 2). 
For comparison with this study, it is unfortunate that 
the standard deviations were not provided nor was his 
averaging method clear so these statistics could be 
calculated to give an idea of the variability of his 
samples. Yancey (1968) reexamined some of Wilde's 
samples while studying Monterey Bay and concluded 
that the fan samples could well be derived from bay 
sediments. Wilde (1965) determined that the source 
of the >62-|im sediment was primarily from the 
quartz diorite pi utons of the Salinian block with 
minor contributions from central belt Franciscan 
rocks all via Monterey Bay and the submarine chan 
nels that head there. He discounted any contributions 
from the Great Valley drainage to the sand-size frac 
tion because the shallowing at the Golden Gate 
barred passage of all sands to the continental shelf.

METHOD

Splits of sample prepared for grain-size analysis 
(63 jim - 2 mm) and additional samples were sieved 
to retain the 63-250 |im size fraction for heavy 
mineral analysis. Tetrabromoethane, with a specific 
gravity of 2.93-2.96, was used for heavy mineral
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separation. Samples were weighed before and after 
separation to determine weight percent. Grains were 
mounted in piccolyte (r.i. = 1.52) and examined under 
a petrographic microscope. Grain counts of 350-600 
were used to ensure mat at least 250 nonopaque, non- 
micaceous monomineralic grains were identified 
(Table 3A).

DATA

The mean grain size of the samples used in this 
analysis ranged between 37 and 202 Jim (Table 3A, 
Figure 5a). Except for Bx7a, the study interval (63- 
250 Jim) accounts for more than 50 weight percent of 
each sample (Table 3A). The mean grain size is usu 
ally defined by the light minerals in a sediment and 
the hydraulically equivalent heavy minerals can have 
a mean grain size as great as 1$ (31-125 jim) smaller 
(Hubert, 1971). To test whether the study interval 
captured most of the heavy minerals, 100 grains from 
several samples were measured (Table 4, Figure 5b). 
Except for Bx7a, the modal grain size of the heavy 
minerals fall comfortably within the study interval. 
Therefore, the heavy mineral distributions derived 
from the study interval will be representative of the 
bulk sample.

Percentages in Tables 3B and 3C are calculated 
for the number of grains counted in the heavy 
mineral separates and may be considered volume per 
cent since the size was constrained by sieving. 
Nonopaque, nonmicaceous monomineralic grains 
accounted for 62-80% of each sample. In order of 
abundance, these minerals are common green and 
brown hornblende, tremolite-actinolite (including 
blue-green amphibole), clinopyroxene, hypersthene, 
and epidote group minerals (Table 3C). Minor con 
stituents include sphene and garnet. Trace minerals 
include enstadte, glaucophane, lawsonite, apatite, and 
zircon.

Some of the categories in Table 3C were com 
bined to ease comparison of data with those of other 
workers (see Appendix). The metamorphic amphi- 
boles include tremolite, actinolite and blue-green 
amphiboles. Actinolite is a pale green amphibole 
with low extinction angles. The blue-green amphi 
boles are deep blue-green at maximum absorption and 
paler green or blue at least absorption. Other green 
varieties are assigned to the ordinary green or brown 
hornblende category. Basaltic hornblendes are those 
brown hornblendes that are red or reddish black at 
maximum absorption.

The cumulative plot of heavy mineral abun

dance shows a limited variation among the box cores 
sampled (Figure 6a). In the four doubly sampled 
cores (7, 11, 21, 25), the only significant difference in 
sand top and sand bottom samples was in grain size 
and in the amount of amphiboles and clinopyroxenes 
(Figures 5b, 6b). Within the same box core, strati- 
graphically higher samples were finer grained than 
lower samples. Mineralogically, there was more 
hornblende in the upper sample and more hypersthene 
and clinopyroxene in the lower sample.

A factor analysis demonstrated a tight cluster of 
samples with one factor accounting for 96.4% of the 
data and the second 2.7%. Factor one is attributable 
to the abundance of common hornblende and 
metamorphic amphiboles. Factor two focuses on cli 
nopyroxene and hypersthene. The factor analysis 
details are omitted because this kind of analysis is 
redundant for these samples where a simple average 
and standard deviation calculation demonstrates 
equally well that the samples do not differ greatly 
from each other (Table 3C). The differences that do 
occur are no greater from sample to sample than from 
bottom to top of a single box core (Figure 6).

DISCUSSION

The heavy minerals indicate that the sediments 
in this lobe area of the Monterey deep-sea fan are 
homogeneous. The slight variation in heavy mineral 
population does not correlate with and likely does not 
account for the differences in GLORIA backscatter 
(Figure 2) or in the age of the sediments (Table 1). 
The source of these sediments is either homogeneous 
or sediments from multiple sources have been homo 
genized by the time they have arrived at the distal 
end of the fan.

As the most obvious source of sediment for the 
turbidites, the Monterey Bay area exhibits some 
heterogeneity in the heavy mineral species but this 
heterogeneity disappears towards the shelf edge (Yan- 
cey, 1968; Yancey and Lee, 1972). Samples from the 
axis of Monterey canyon and from the upper fan con 
sist of minerals similar to those on the outer Mon 
terey shelf (Table 2; Wilde, 1965; Yancey, 1968). 
With the well-defined channeling and sediment tran 
sport directions imaged by GLORIA (EEZ-SCAN 84 
Scientific Staff, 1986), sands in the outer depositional 
lobe of the Monterey deep-sea fan would be expected 
to have a similar mineralogy.

At first glance, a cumulative plot comparing 
data from this study with those from Wilde (1965) 
and Yancey (1968) and a summary by Rappeport
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(1976) does not seem to support the conclusion above 
that the mineralogy of the lobe and outer shelf would 
be similar (Figure la). A small pan of the difference 
can be attributed to the usual interoperator variation. 
A large part can probably be accounted for by the 
groupings made by each worker. Yancey (1968) and 
Rappepoit (1976) apparently grouped all green horn 
blendes, whether metamorphic or not When green 
hornblendes are combined, the remaining mineral 
populations are not grossly out of line (Figure 7b, 
  Yancey", "Rappeport", and "Wong").

A larger difference occurs between this study 
and Wilde's (1965) in the proportions of amphiboles 
of all varieties (Table 2; Figure 7a, "Wilde"). The 
description of his basaltic hornblende as "resinous 
brown" (his p. 69) would incline me to recategorize 
them as ordinary hornblende, appreciably reducing 
the anomalous values in Table 2. Moving all but 3% 
of the basaltic hornblende to green/brown hornblende 
boosts the latter value to 41%; combined with the 5% 
metamorphic amphibole this comes to 46%, which is 
still slightly short of the other total amphibole values 
in Table 2 and Figure 7b. Wilde's large topaz popu 
lation is not matched by the other studies. Except for 
these differences, the rest of the mineral populations 
are similar. The mismatch between Wilde's "mas 
saged" data and the other three data sets (Figure 7b) 
is actually no greater than intersample differences in 
this study (Figure 6a). Hence, the Monterey lobe 
samples are a relatively good match for sediments 
from Monterey Bay and fan.
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Figure 1. Major tectonic and sedimentological features of the Exclusive Economic Zone off central California 
(from EEZ-SCAN 84 Scientific Staff, 1988). A « Ascension Canyon, M « Montercy Canyon, L « Lucia- 
Partington-Sur canyon system, S * sample area in Figure 2.
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Figure 2. Sites of box cores from M/V Farnella cruises F5-87-SC and F1-88-SC sampled for this study. DN = 
digital number, which can range from 0 to 255 and represents the amount of acoustic backscatter recorded by 
the GLORIA sonographic system (EEZ-SCAN 84 Scientific Staff, 1986).
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Figure 3. Recent heavy mineral provinces of central California (from Yancey and Lee, 1972).
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Figure 4. Heavy mineral provinces in Monterey Bay (from Yancey, 1968).
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Figure 5a. Comparison of weight percent heavy minerals in the 63-250 ^rn size fraction and mean grain size of 
each sample, b. Grain size distribution of heavy minerals. Data from Table 4.
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Figure <a. Cumulative heavy mineral distribution in box core samples from F5-87-SC and F1-88-SC on the 
Monterey fan lobe. Top (e.g., 7a) and bottom (e.g., 7b) samples from the same core are braced b. Cumulative 
graph of minerals extracted from 6a.
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Figure 7a. Comparison of this and previous heavy mineral studies in the Monterey Bay region (after Wilde. 
1965; Yancey, 1968; Rappeport, 1976). b. As in 7a with hornblende and metamorphic amphibole combined.
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